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Abstract. Freshwater drainage canals in South Florida are
utilized to manage water in agricultural, urban, and water
conservation areas and, as a result, collect urban and agricul-
tural storm runoff that is discharged into the Atlantic Ocean
and Gulf of Mexico. Pesticides in this runoff may be toxic to
the biota inhabiting these waters. This study evaluated the
effects of contaminants in South Florida canals draining into
Biscayne Bay on the estuarine grass shrimp (Palaemonetes
intermedius), a representative invertebrate species. Results of
surface water analysis for pesticides indicated that eight pesti-
cides out of 52 analyzed were detected. The herbicide metola-
chlor was found at all nine sites in the five canals sampled at
concentrations up to 119 ng/L. Atrazine was detected at seven
sites at concentrations up to 29 ng/L. Three organophosphate
insecticides (chlorpyrifos, malathion, diazinon) were detected
at three sites in two canals (Military and North). Grass shrimp
from these three sites showed significantly reduced levels of
the acetylcholinesterase enzyme as compared to control
shrimp. These two canals are similar in the land use areas
drained—urban and suburban and agriculture. The results sug-
gest that monitoring organisms for AChE levels can be a means
of detecting exposure to organophosphorus pesticide contami-
nation.

In South Florida (US), the Biscayne Bay estuary is the most
densely populated estuary of the South Atlantic coast with

population distributed along a narrow coastal strip (NOAA
1990). Previous research in Biscayne Bay has shown that areas
of relatively high chemical contamination are present in sedi-
ments resulting in significant toxicity in laboratory tests (Long
et al. 1999). Two important factors that may affect the ecosys-
tem of Biscayne Bay and surrounding areas are (1) increased
urbanization resulting in increased stormwater runoff and pol-
lutants and (2) the alteration and control of freshwater flow
entering the Bay (USGS 2001). Freshwater drainage canals are
utilized to manage water in agricultural, urban, and water
conservation areas of South Florida. As a result, these canals
collect urban and agricultural storm water runoff that is dis-
charged into the Atlantic Ocean and Gulf of Mexico (Miles and
Pfeuffer 1997). Pesticides in this runoff may pose a toxicolog-
ical risk to the biota inhabiting the receiving waters.

Organophosphate and carbamate insecticides produce toxic-
ity in vertebrates and invertebrates by inhibiting the nervous
system enzyme acetylcholinesterase (AChE). The inhibition of
this enzyme can be used as a biomarker of exposure to these
classes of pesticides. Most studies describing the use of AChE
levels in aquatic organisms as a biomarker of contamination
have been with fish (Bocquene et al. 1993; Payne et al. 1996;
Stien et al. 1998; Kirby et al. 2000) with fewer reports on
aquatic invertebrates (Escartin and Porte 1997; Den Besten et
al. 2001).

The objective of this study was to evaluate the effects of
contaminants in South Florida drainage canals on an estuarine
representative invertebrate species. This objective was accom-
plished by analyzing surface water collected from canals drain-
ing into Biscayne Bay and Barnes Sound for pesticides and by
analyzing AChE levels in grass shrimp (Palaemonetes inter-
medius) populations from these sites.

Materials and Methods

Grass Shrimp Collection

The study site extended from Princeton Canal in Biscayne Bay, Flor-
ida, south to a marina adjacent to US Highway 1 in Barnes Sound
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(Figure 1). Six sites from canals discharging into Biscayne National
Park, two sites from a canal discharging into Barnes Sound, and one
site within Barnes Sound were sampled for grass shrimp. Site desig-
nations, number of shrimp collected and physicochemical water pa-
rameters are provided in Table 1. Shrimp were collected live with a dip
net from each site in water no more than one meter deep. Shrimp were
taken from the net, placed in plastic bags and then frozen immediately
in dry ice at the site of collection. The sites with the most shrimp
collected indicated sites where the most suitable habitat was present
(i.e. abundant submerged vegetation and algae-covered rocks along the
shore). The samples were transported to the National Ocean Service
laboratory at Charleston, South Carolina, sorted on ice, and identified
to species (Palaemonetes intermedius). Shrimp were identified accord-
ing to Williams (1984), as based on Holthuis (1952) and Fleming
(1969). The shrimp were then divided into two animals per sample,
wrapped in aluminum foil, and placed in a �70°C freezer until assayed
for AChE activity. Laboratory reared P. intermedius were used as a
reference population. This population of P. intermedius was an F1
generation obtained from shrimp originally collected in Manatee Bay,
Florida. Previous work on acetylcholinesterase (AChE) in Palaemon-
etes had concentrated on the species P. pugio (Key and Fulton 1993;
Key et al. 1998a). As no previous AChE work on P. intermedius has
been published, a laboratory-reared population of P. pugio was also
sampled for AChE analysis for comparative purposes. This population
of P. pugio was an F1 generation obtained from shrimp originally
collected in a pristine area of Leadenwah Creek, South Carolina.

Acetylcholinesterase Assay

Whole body AChE activity was measured in grass shrimp using a
modification of the method described by Key et al. (1998b) as based
on the original Ellman procedure (Ellman et al. 1961). Each sample
analyzed consisted of two adult shrimp. Sample sizes from each site
ranged 6–10. Each sample was homogenized (Pro Scientific model Pro
200 motor with a 20- � 150-mm stainless steel generator) on ice in 50
mM Tris-HCl buffer (pH � 8.1) at 20 mg/mL for 45 s. Next, 75 �L
of each homogenate was added to a test tube-containing 1.425 mL of
Tris-HCl buffer. After a 15 min incubation period at 30°C, 967 �L of
the dilute homogenate was added to a cuvette containing 33 �L of
0.87% 5,5�-dithiobis-(2-nitrobenzoic acid), the color reagent. Finally,
10 �L of 75 mM acetylthiocholine, the substrate, was added to the
cuvette then covered with parafilm, inverted to mix, and placed in a
spectrophotometer to read continuously for 1 min at a wavelength of
412 nm. For each homogenate sample, three subsamples were assayed.
A fourth subsample was incubated with 15 �L of 10 �M eserine to
account for nonenzymatic hydrolysis of the substrate. The protein
content of the homogenate was determined using the Sigma Assay
Procedure, a modification of the original Lowry method (Sigma Chem-
ical Co. 1989; Lowry et al. 1951). Whole body AChE activity was
reported as nmol product formed/mg Protein/min.

Statistical Analysis

The results of the AChE activities were analyzed for normal distribu-
tion (Kolmogorov-Smirnov Test) and homogeneity of variance (Bar-
tlett’s Test). Statistical analysis of the results was evaluated using
ANOVA and Dunnett’s Multiple Comparison Test (Gad and Weil
1988). Alpha for all tests was set to 0.05. All statistical analyses used
the laboratory reared P. intermedius as the control group.

Water Collection and Analysis

Nine sites from canals discharging into Biscayne National Park and
two sites from a canal discharging into Barnes Sound were sampled for
pesticides (Figure 1). Collection of water and shrimp occurred in
December as cultivation of crops and associated pesticide usage occurs
in South Florida during the winter months (Miles and Pfeuffer 1997).
Water samples were collected concurrently with the grass shrimp
samples. Due to lack of suitable P. intermedius habitat shrimp were
not collected at Sites 1, 3, and 5. A water sample was not collected at
Site 12 as the equipment was not available at the time of shrimp
collection (Figure 1). Water samples were collected from a depth of 1
m using a submersible marine pump. The pump was joined to a length
of Teflon tubing connected to two in-line, stainless steel filter holders
housing a 1 �m pore size, multi-grade GMF glass fiber filter (What-
man #1841070) and a 0.7 �m pore size. GF/F filter (Whatman
#1825150), respectively. The filtered water passed into a labeled and
precleaned, 18-L, stainless steel canister, sealed with an airtight lid. A
field blank was collected each sampling day by pumping 10 L of
organic free water through the sampling and filtration system into a
precleaned stainless steel canister.

The water samples were shipped in coolers with dry ice at the end
of each sampling day via overnight mail to the USDA-ARS laboratory
in Beltsville, MD. Water samples were refrigerated upon arrival at the
laboratory and filtered and extracted within three days of collection.
Two 8-L portions of each sample were measured into clean stainless
steel canisters for duplicate processing. Each sample canister was
pressurized with high purity nitrogen, forcing the water sample
through a certified solid phase extraction (SPE) cartridge containing
500 mg of hyper-cross-linked styrene-divinylbenzene copolymer,
ENV� (Jones Chromatography) extraction resin. This type of SPE
cartridge has been used in previous studies of pesticides in estuarine
surface waters (Lehotay et al. 1999). After extraction, the ENV�
cartridge was dried with nitrogen and eluted with certified high purity
solvents (6 mL of dichloromethane (DCM) followed by 9 mL of 3:1
acetone:acetonitrile). This 15 mL extract was concentrated to a final
volume of 0.5 mL under nitrogen and analyzed. Analyses were carried
out using a Varian 3800 GC coupled to a Saturn 2000 ion trap MS
operating in splitless mode with a J&W Scientific DB-17MS (50%
methyl, 50% phenyl polysiloxane), 30-m, 0.25-mm internal diameter,
0.25-�m film thickness, capillary column. The carrier gas was ultra
high purity helium at a constant flow rate of 1.0 mL/min, controlled by
a constant flow pressure program. The GC was operated at an injector
port temperature of 260°C and an initial oven temperature of 130°C.
The temperature program for the GC oven was as follows: 130°C for
1 min, 5°C/min to 280°C, then hold for 6 min at 280°C. The GC-MS
interface temperature was maintained at 280°C and the ion trap tem-
perature was 220°C. The ion trap MS operated in selective ion storage
mode, scanning for ions with masses of 70–450.

A field blank, matrix spike and matrix spike duplicates were ana-
lyzed with each batch of water samples. No interfering peaks were
observed in field and laboratory blank samples. The pesticides detected
in the water samples along with the instrumental detection limits and
percent recovery are given in Table 2.

Results

Average AChE levels in the P. intermedius laboratory control
population (56.50 nmol/mg P/min) were not significantly dif-
ferent from AChE levels in the P. pugio laboratory control
population (59.21 nmol/mg P/min; Figure 2). The AChE levels
of these laboratory reared populations were also not signifi-
cantly different from AChE levels in field collected P. pugio
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from a pristine area of Leadenwah Creek, SC (56.98 nmol/mg
P/min; not shown).

The results of the grass shrimp AChE assays showed three
sites with significantly reduced levels of AChE in comparison
to the P. intermedius laboratory control population (Figure 2).
Grass shrimp from Site 6 (North Canal upstream), Site 7 (North
Canal mouth), and Site 4 (Military Canal mouth) had AChE
levels of 40.89, 44.99, and 47.90 nmol/mg P/min, respectively,
compared to the laboratory control AChE level of 56.50
nmol/mg P/min.

Surface water contaminant analysis detected eight pesti-
cides out of 52 analyzed. These contaminants included two
herbicides (atrazine and metolachlor), two atrazine metabo-
lites (CEAT and CIAT), three organophosphate insecticides
(chlorpyrifos, diazinon, and malathion), and an organochlo-
rine metabolite (p,p�-DDE) (Table 3). The herbicides were
the most prevalent compounds with metolachlor present at
all sites sampled ranging from 119.1 ng/L at Site 6 (North
Canal) to 2.5 ng/L at Site 11 (C-111 Canal). Organophos-
phates (OP) were detected at three sites, including Site 3
(Military Canal) and Sites 5 and 6 (North Canal). The

highest concentration of OPs was measured for diazinon
with concentrations up to 60.3 ng/L.

Acute and chronic water quality criteria (WQC) from the US
and Canada were available for most of the pesticides detected
(Table 3). Atrazine, metalochlor, and p,p�-DDE levels de-
tected, at the time of sampling, were well below WQC values.
The chlorpyrifos levels detected in North Canal approached
that of the US Environmental Protection Agency’s chronic
WQC (US EPA 1999). The diazinon level from the same site
in North Canal was 75% of the chronic WQC value as deter-
mined by the New York State Department of Environmental
Conservation (Macdonald et al. 1999).

Discussion

These results have shown that AChE levels in P. interme-
dius were depressed at three South Florida drainage canal
sites and that pesticide contaminants were present at the five
canals sampled. Of the five canals from which water was

Fig. 1. South Florida drainage canal sample
sites for water and shrimp collection
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analyzed, two canals (Military and North) had detectable
levels of OPs. It was from these two canals that AChE levels
in the shrimp assayed were significantly depressed. Sites 3
and 5, which contained the highest levels of OPs, were not
ecologically suitable habitats for P. intermedius as the sites
were freshwater. In addition to the OPs detected, Military
and North canals had the highest levels of herbicides and the
organochlorine metabolite detected. These pesticides are
not, by themselves, known to affect AChE activity in grass

shrimp. However, the three OPs detected are well-known
grass shrimp AChE inhibitors (Key and Fulton 1993; Key et
al. 1998b).

In the United States, the most frequently detected herbicides
in 40–70% of streams in urban and agricultural areas were
atrazine and metolachlor, respectively. The most frequently
detected insecticides, nationally, in streams in urban and agri-
cultural areas were diazinon (up to 70% of those sampled),
chlorpyrifos (30%), and malathion (20%; Gilliom et al. 1999).

Table 1. Number of P. intermedius collected, along with water quality measured, at nine South Florida stations

Site Date
Shrimp
Collected

Temperature
(°C) pH

Dissolved
Oxygen
(mg/L)

Salinity
(ppt)

Princeton Canal
Site 2 12/1/99 15 21.4 7.7 4.8 18.9

Military Canal
Site 4 12/1/99 29 21.8 7.8 5.7 14.3

North Canal
Site 6 12/6/99 30 24.5 ND 6.7 17.0
Site 7 12/1/99 26 21.3 8.1 9.3 18.3

Florida City Canal
Site 8 12/2/99 12 21.3 8.3 5.3 18.8
Site 9 12/1/99 26 20.5 8.0 5.3 18.6

C-111 Canal
Site 10 12/2/99 12 21.2 8.3 4.4 15.6
Site 11 12/2/99 30 19.6 8.4 8.1 16.7

Manatee Bay Marina
Site 12 12/6/99 24 20.6 ND 6.5 15.1

ND � not determined.

Table 2. Instrumental detection limits and spiked recoveries for pesticides in water samples

Compound ng/La
%
Recoveryb Compound ng/L

%
Recovery

acetochlor 6.3 99 � 23 ethoprop 13 90 � 21
alachlor 3.1 98 � 23 fenamiphos 9.5 96 � 19
aldrin 3.1 71 � 10 �-HCHe 16 86 � 19
ametryn 6.3 98 � 24 	-HCH 3.1 98 � 24
atrazine 3.1 101 � 22 
-HCH 3.1 91 � 21
azinphos-methyl 25 127 � 146 heptachlor 6.3 83 � 15
CEATc 16 115 � 32 heptachlor epoxide 6.3 87 � 21
�-chlordane 6.3 75 � 19 malathion 3.1 101 � 29
�-chlordane 6.3 76 � 20 metalaxyl 3.1 98 � 24
chlorothalonil 3.1 95 � 21 methoxychlor 16 57 � 39
chlorpyrifos ethyl 6.3 91 � 24 metolachlor 3.1 95 � 24
chlorpyrifos methyl 3.1 99 � 23 metribuzin 3.1 96 � 24
CIATd 16 104 � 24 naled 25 85 � 39
cyanazine 6.3 93 � 23 norflurazon 19 128 � 51
diazinon 3.1 92 � 21 pendimethalin 3.1 89 � 27
p,p�-dicofol 9.9 74 � 21 phorate 13 70 � 8
dieldrin 3.1 89 � 25 p,p�-DDD 3.1 73 � 24
endosulfan sulfate 19 83 � 31 p,p�-DDE 3.1 53 � 15
endosulfan I 9.4 85 � 20 p,p�-DDT 6.3 61 � 21
endosulfan II 19 81 � 31 simazine 9.4 94 � 24
ethion 6.3 79 � 34 trans-nonachlor 3.1 70 � 17

a Instrumental detection limits.
b Mean % recovery � standard deviation of pesticides spiked into water samples (n � 4). Results were adjusted for native pesticide levels.
c CEAT � 6-amino-2-chloro-4-ethylamino-s-triazine.
d CIAT � 6-amino-2-chloro-4-isopropylamino-s-triazine.
e HCH � hexachlorocyclohexane.
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As seen in Table 3, these pesticides were also the most fre-
quently detected in this present research.

In the South Florida area studied, the South Florida Water
Management District (SFWMD) is the state agency responsible
for water resource management. The OP insecticides and her-
bicides detected in this present study also corresponded to the
most frequently applied pesticides in the SFWMD. Chlorpyr-
ifos was used mainly for golf courses and urban residential
situations. Diazinon use was for agriculture while malathion
use was mainly for mosquito control. Atrazine use was mainly
for agriculture while there was no use data for metolachlor
(Miles and Pfeuffer 1997). Military and North canals, in which
the OPs were detected and AChE levels were reduced, both
drain large areas of similar land use—urban and suburban
areas of the towns of Homestead and Florida City; and agri-
culture, including both food and ornamental crops (Figure 1).

Pfeuffer and Matson (2000) analyzed water samples from 36
sites from SFWMD canals. Of the 11 pesticides they detected,
nine were herbicides, including five detected in this present
study—atrazine, CEAT, CIAT, metolachlor, and diazinon.
Atrazine was the most prevalent pesticide, detected in 26 of the
36 sites sampled as compared to metolachlor, this present
study’s most commonly detected pesticide. Two OPs (diazinon
and ethion) were detected by Pfeuffer and Matson (2000) at
just three sites. The diazinon level of 60 ng/L detected at those
three sites was similar to diazinon levels detected in this
present study at Site 5 (Table 3).

Monitoring organisms for AChE levels can be a means of
detecting exposure to OP contamination. This may be a better
measure of OP contamination due to the relatively short per-

sistence of these compounds in the environment (Habig and Di
Giulio 1991). For this present study, at the time of sampling,
the levels of the OP compounds detected in the canals were
well below acute exposure levels that reduce AChE activity
(Cunha Bastos et al. 1991; Key and Fulton 1993; Key et al.
1998b). The inhibition observed here could be a reflection of
earlier grass shrimp exposures to higher OP concentrations.
Inhibition could also be due to other compounds present that
have been shown to affect AChE levels but were not analyzed
in this study such as carbamate insecticides and metals. How-
ever, carbamate exposure is generally considered to be revers-
ible and AChE inhibition is likely to undergo spontaneous
reactivation (Habig and Di Giulio 1991). AChE inhibition from
metal exposures is at concentrations usually found at point
sources (Guilhermino et al. 1998). Organophosphates are gen-
erally irreversible inhibitors because the dephosphorylation
rate of the bound enzyme proceeds at an insignificant rate.
Therefore, the inhibitory effects of OP exposure may be long
lasting with recovery depending on new enzyme synthesis
(Habig and Di Giulio 1991). Several studies with shrimp, crab,
and lobster species have shown that AChE inhibition in the
animals still occurred days after exposure had ended (Habig et
al. 1986; Reddy and Rao 1988; McHenery et al. 1991; Abdul-
lah et al. 1994). A slow time course for recovery of depressed
AChE levels may cause exposed organisms to be susceptible to
other anthropogenic or natural hazards or to exhibit behavior
not conducive to maintaining the population.

Another concern with the presence of OPs is their interactive
effect with other pesticides. Recently, there have been published
reports on the synergistic toxicity found between atrazine and two

Fig. 2. Average acetylcholinesterase levels in Palaemonetes intermedius collected from South Florida drainage canals compared to laboratory
control P. intermedius. Error bars denote standard error of the mean. *Significantly different from P. intermedius laboratory control
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OPs—chlorpyrifos and diazinon. The toxicity of chlorpyrifos to
midge larvae (Chironomus tentans) was increased four times in
the presence of atrazine and the toxicity of diazinon increased two
times (Belden and Lydy 2000). Synergism of atrazine with chlor-
pyrifos was also associated with increased inhibition of AChE in
midge larvae (Jin-Clark et al. 2002). A comparable trend for
decreased AChE activity in midge larvae was found with mixtures
of atrazine and malathion but the trend was not statistically sig-
nificant (Belden and Lydy 2001).

As urban and suburban areas continue to encroach in South
Florida and much needed agriculture continues in this fertile
region, then pesticide contamination will persist with potential
impacts to estuarine fauna. To have a successful pesticide
biomonitoring program in such a region, measurements of
AChE levels should also be included in resident organisms in
waters where acute or chronic OP contamination occurs. Per-
sistent low levels of pesticides, along with the potential for
interaction between pesticides of different classes, become a
concern with the appearance of sublethal effects in grass
shrimp. A better understanding of these effects on aquatic life
is needed in order to have a more complete assessment of
Biscayne Bay estuarine health.
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